Hierarchical carbon nanofibre (CNF)/SnO 2 /Ni nanostructures of graphitized carbon nanofibres and SnO 2 nanocrystallines and Ni nanocrystallines have been prepared via divalent tin-alginate assembly on polyacrylonitrile (PAN) fibres, controlled pyrolysis and ball milling. Fabrication is implemented in three steps: (1) formation of a tin-alginate layer on PAN fibres by coating sodium alginate on PAN in a water medium followed by polycondensation in SnCl 2 solution; (2) heat treatment at 450°C in a nitrogen atmosphere;
Introduction
Research into rechargeable lithium ion batteries (LIBs) has played a vital role in sustainable energy storage devices to meet the higher expectation of electric vehicles and portable products [1] [2] [3] [4] [5] [6] . For commercial LIBs, graphite with a theoretical capacity of 372 mAh g −1 is employed as the anode material, which is not able to satisfy the energy demand for the new technology [7] [8] . In addition, even though alloy and dealloy materials have high capacity and high energy density, electrode pulverization and separation from the larger volume effect during discharge and charge lead to poor cycling [9] . Therefore, there is a requirement to develop large-scale commercial anode materials with high capacity and low fabrication cost. Recently, tin oxides (SnO 2 ) and tin sulfides (SnS x x = 1-2) with different structure have attracted significant attention due to their high energy density and low cost [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, poor cycling and mass production hamper their practical applications to some extent. Recent efforts to address the above-mentioned issues have led to the development of SnO 2 nanobox, nanotube, nanosheet, hollow nanostructure and an SnO 2 /graphene hybrid nanocomposite [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Although the carbon nanofibre/SnO 2 (CNF/SnO 2 ) nanocomposites show specially improved performance as LIB anode materials, they were generally fabricated via small-scale production with high cost [14, 32, 33] . Furthermore, Ni nanocrystals can act as a buffer to relieve the mechanical stress induced by the large volume changes upon cycling, and can also help in the successful suppression of Sn coarsening during cycling and consequent enhancement of the stability of the reversible conversion reactions [34, 35] . Thus, it is highly desirable to prepare the carbon nanofibre/tin oxide/nickel (CNF/SnO 2 /Ni) nanocomposite with hierarchical nanostructure and long-term cycling stability via facile and scalable methods.
Here, we report a facile and low-cost approach for the preparation of hierarchically graphitized carbon nanofibres and SnO 2 nanocrystals and Ni nanocrystals by using commercial polyacrylonitrile (PAN) fibres as the precursor. The process of fabrication is done in three steps: (1) controlled formation of a tinalginate layer on PAN by dispersing PAN fibres into a solution of sodium alginate, forming PAN/sodium alginate composites, then converting to PAN/tin-alginate nanocomposites by dispersing them in SnCl 2 solution; (2) controlled pyrolysis of the hybrid nanocomposites at 450°C in a nitrogen atmosphere, giving rise to the nanocomposite of graphitized carbon and crystalline SnO 2 ; (3) ball milling the mixture of CNF/SnO 2 nanofibres and Ni powder to fabricate the hierarchical CNF/SnO 2 /Ni nanostructure. The CNF/SnO 2 /Ni nanocomposite exhibits good lithium ion storage capacity and stable cyclability as the anode materials for LIBs. This work provides a facile and low cost as well as large-scale production approach for preparation of anode materials for LIBs.
Material and methods

Materials
Commercial PAN fibres were purchased from Jilin chemical fibre group Co., Ltd. Tin tetrachloride (SnCl 4 ) was purchased from Sinopharm chemical reagent Co., Ltd. Tin powder (Sn) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Sodium alginate was purchased from Sigma-Aldrich. All the chemical reagents used were of analytical grade without any purification process.
Preparation of the hierarchical CNF/SnO 2 /Ni nanocomposite
In a typical experiment, 0.5 g PAN fibres were cut into small pieces with a length of approximately 0.5 cm. Monodispersed PAN should be dispersed in water. Then, the mixtures were heated at a temperature ranging from 70°C to 90°C. This process is very important, as it can effectively activate the surficial groups to link the sodium alginate. Subsequently, The PAN nanofibres were mixed with sodium alginate solution (1 mol l −1 , 200 ml) and stirred for 3 h at 90°C to attach sodium alginate on the surface of PAN. Next, the product was washed using absolute ethyl alcohol and then submerged in a solution of SnCl 2 (0.04 mol l −1 , 200 ml), obtained from SnCl 4 and Sn powder by dispersing 2.37 g Sn powder into SnCl 4 solution (0.02 mol l −1 , 200 ml) and stirring for 12 h, for 5 h to obtain the PAN/tin-alginate. The process was repeated four times to enhance the thickness of the tin-alginate shell. Next, the assynthesized products were calcined at 450°C for 2 h in a muffle furnace at a heating rate of 1°C min −1 in a nitrogen atmosphere to form the carbon nanofibre/SnO 2 composites (CNF/SnO 2 ). The CNF/SnO 2 /Ni nanostructure was obtained by ball milling the mixture of CNF/SnO 2 and nickel (Ni) powder with different weight ratio in air for 15 h at room temperature.
Characterization
The XRD patterns of the CNF/SnO 2 /Ni nanocomposites were recorded on a Rigaku D/max 2550 X-ray diffractometer, using a monochromatized Cu target radiation resource (λ = 1.54 Å). The morphology of CNF/SnO 2 /Ni nanocomposite was analysed by using a JEOL-6700F field-emission scanning electron microscope (FESEM) at an accelerating voltage of 3 kV. The element mappings of Sn, O, C and Ni were conducted by using a JEOL-7800F FESEM with an energy dispersive X-ray spectroscopy (EDS) attachment at an accelerating voltage of 20 kV. The transmission electron microscopy (TEM) images were taken on a FEI Tecnai G2S-Twin with an EDS attachment and field-emission gun operating at 200 kV. The X-ray photoelectron spectra (XPS) were recorded on an ESCAlab 250 Analytical XPS spectrometer. Thermogravimetric analysis (TGA) was carried out in air in the temperature range 30-850°C using a Q500 thermogravimetric analyser instrument. Raman spectroscopy was performed in a Renishaw inVia microRaman system with an internal 532 nm laser source. The nitrogen adsorptiondesorption isotherms were recorded at 77.3 K with a Micromeritics ASAP 2420 surface area and porosity analyser. The batteries were assembled in an argon-filled glove box using lithium metal as counter electrode, where oxygen and moisture levels were controlled to less than 0.1 ppm, and the electrolyte was 1 M LiPF 6 in a mixture of ethylene carbonate : dimethyl carbonate (1 : 1 by v/v). The CNF/SnO 2 /Ni nanocomposite was used as working electrodes. The electrochemical performance was conducted with galvanostatic charge and discharge on a LAND CT2001A cell test apparatus in the voltage range 0.1-3.0 V at room temperature. Cyclic voltammetry was performed on a VSP multichannel potentiostat-galvanostat at a scan rate of 0.1 mVs −1 . Electrochemical impedance spectroscopy (EIS) was also performed with the VSP instrument.
Results and discussion
The fabrication process of the CNF/SnO 2 /Ni nanocomposite is illustrated in figure 1 . A series of experiments have been conducted to optimize the structure, morphology and electrical properties. It can be found that monodispersed PAN/sodium alginate can be obtained via dispersing monodispersed PAN in water and heating the mixture at a temperature ranging from 70 to 90°C. However, it cannot be obtained at room temperature, which indicates that the heating process can effectively activate the surficial group to link sodium alginate. Then, PAN/tin-alginate nanocomposite can form via an ion exchange process through dispersing PAN/sodium alginate into a solution of SnCl 2 with stirring for 3 h at room temperature as the divalent metal ion can be abundantly immobilized in alginate. Next, the as-synthesized products were calcined at 450°C for 2 h in a muffle furnace at a heating rate of 1°C min −1 in a nitrogen atmosphere to form the carbon nanofibre/SnO 2 composites (CNF/SnO 2 ). Finally, the CNF/SnO 2 /Ni nanostructures can be obtained by ball milling the mixture of CNF/SnO 2 and Ni powder with different weight ratios in an air atmosphere for 15 h at room temperature. Finally, the Ni nanoparticles can be assembled into the CNF/SnO 2 nanostructure by means of ball milling treatment.
FESEM images show that CNF/SnO 2 nanostructures hold fibre-like morphology and the surface of CNF is covered with several layers of SnO 2 (figure 2a,b). The CNF/SnO 2 nanocomposite is fragile and can be ground into powder (electronic supplementary material, figure S1a). The CNF/SnO 2 nanostructure consists of a CNF core and SnO 2 shell with groove structure (figure 2c), which should be attributed to the original texture of PAN (electronic supplementary material, figure S1b). It indicates that the groove structure and nanopores on the surface of PAN can offer the sites to connect the SnO 2 and Ni nanoparticles. Comparing with CNF/SnO 2 nanostructure, the CNF/SnO 2 /Ni nanocomposite is a pulverized powder (figure 3a), because it is obtained through the ball milling process. TEM analysis suggests that Ni nanoparticles can be assembled into the CNF/SnO 2 nanostructure (figure 3b) and ball milling treatment cannot break the groove structure, which causes the CNF/SnO 2 /Ni nanocomposite to be porous. A HRTEM image taken from the edge of CNF/SnO 2 /Ni nanocomposite reveals that the d-spacing between two consecutive planes are about 0.33 and 0.20 nm, respectively, according to the d 110 and d 111 values of SnO 2 (tetragonal) and Ni (cubic) phase, respectively (figure 3c).
The crystal structures of the CNF/SnO 2 and CNF/SnO 2 /Ni nanocomposites were characterized by XRD ( figure 4) , which can be indexed to the polycrystalline tetragonal SnO 2 (JCPDS no. 70-4177) and cubic Ni (JCPDS no. 70-1849), respectively. In addition, for CNF/SnO 2 , even though the major peaks can be indexed to reflections of tetragonal SnO 2 , the peak at 30.64°is indexed to (200) reflection of metallic Sn (tetragonal), confirming that a small quantity of divalent tin ions are reduced into metallic Sn. It is interesting to note that reflection of metallic Sn disappears after the ball milling process, which indicates that metallic Sn is oxidized into SnO 2 via the ball milling process. This result shows that Ni nanoparticles can be assembled into CNF/SnO 2 to generate CNF/SnO 2 /Ni nanocomposites via the ball milling process. In addition, the EDS mapping of CNF/SnO 2 /Ni samples have been performed to investigate the distribution of C, Sn, Ni and O element (electronic supplementary material, figure S2a,b) . These results show that the elements are uniformly distributed in the samples. TGA data of CNF/SnO 2 /Ni result shows a major weight loss of 30 wt% ranging from 200 to 800°C (electronic supplementary material, figure S3a), which can be attributed to the removal of the partial carbon because the CNF from pyrolysed PAN cannot be removed completely at 800°C. The structure of the CNF/SnO 2 /Ni was further investigated by Raman spectroscopy (electronic supplementary material, figure S3b). Two broad peaks, located at around 1350 cm −1 (D band) and 1600 cm −1 (G band) are observed, corresponding to the vibration of amorphous and graphitized carbon, respectively. The intensity ratio of D to G (I D /I G ) is determined to be 1.46 for CNF/SnO 2 /Ni, suggesting that the carbonization of PAN fibres and formation of SnO 2 may take place concurrently.
XPS was applied to study the surface composition, interfacial interactions and chemical nature of the CNF/SnO 2 and CNF/SnO 2 /Ni nanocomposite, respectively. Figure 5a shows the survey spectrum of XPS analysis, confirming the presence of the elements C, N, O and Sn. The broad peak with an asymmetric tail toward higher binding energy of C1s implies plentiful sp 2 carbon for CNF/SnO 2 /Ni, implying slight low content of sp 2 carbon, in contrast to CNF/SnO 2 (electronic supplementary material, figure S4 ). The deconvoluted XPS peaks of C 1s for CNF/SnO 2 /Ni nanocomposite display a unique quadruplet with binding energies at 284.7, 286.3 and 288.2 eV (figure 5b). They may be attributed to the graphitized carbon (C1) [36] , adsorbed amorphous carbon (C2) [37] and the C-O bonds (C3) [38] , respectively. The deconvoluted XPS peaks of O 1s are a triplet with binding energies of 531.3, 533.0 and 535.7 eV, which may be attributed to the lattice oxygen (O1) [39] , the O-C bonds (O2) and the adsorbed oxygen (O3) [40] , respectively (figure 5c). The deconvoluted XPS peaks of Sn 3d are a unique doublet at 486.9-495.6 eV ( figure 5d ), suggesting the presence of Sn 4+ in CNF/SnO 2 /Ni nanocomposite and a slight shift to higher binding energy of both Sn 3d 5/2 and Sn 3d 3/2 [41] , compared to those of CNF/SnO 2 . The shifts can be attributed to the oxidation state of Sn, conforming to the XRD characterization. These results show that SnO 2 nanocrystals attach to carbon nanofibres strongly. The specific surface area and pore size distribution of the specific surface area and pore size distribution of the CNF/SnO 2 /Ni nanocomposite were calculated based on the nitrogen adsorption-desorption data (electronic supplementary material, figure S5 ). The nitrogen adsorption-desorption isotherm of CNF/SnO 2 /Ni exhibits a type III hysteresis loop, indicating the presence of hierarchical pores. The specific surface area is calculated to be 6.37 m 2 g −1 by using the Brunauer-Emmett-Teller method. The pore size distribution, calculated using To evaluate electrochemical performance via galvanostatic discharge and charge process, the coin cells testing were fabricated by using CNF/SnO 2 /Ni as anode materials. Figure 6a exhibits the cyclic voltammograms (CVs) of the CNF/SnO 2 /Ni electrode at a scan rate of 0.2 mV s −1 over a potential range of 0.01 to 3.0 V for the first three cycles. The slope plateau ranging from 0.9 to 0.5 V can be attributed to reduction of SnO 2 , and partial slope plateau originates from the alloying between Sn and Li. The solidelectrolyte interphase (SEI) film on the electrode generates between 0.5 and 0.01 V in the first cathodic scan. Obviously, these processes are irreversible according to the following reaction:
During the following anodic scan, a broad oxidation peak at 0.56 V is in accordance with the dealloying of Li x Sn [42] and the weak oxidation peak at 1.42 V in the first three cycles can be attributed to the partial delithiation of Li 2 O [43] . The corresponding reaction is as follows:
After the first scan, the reduction/oxidation peaks slightly decreases and the CVs are almost constant, suggesting their good stability. Figure 6b exhibits the discharge/charge curves of CNF/SnO 2 /Ni nanocomposite after the first three cycles at 200 mAg −1 . The CNF/SnO 2 /Ni electrode shows the plateau over a range of 0.5-0.9 V, corresponding to the CV results. The initial discharge/charge capacities of the CNF/SnO 2 /Ni nanocomposite are 1448 and 754 mA hg −1 . The initial coulombic efficiency is 52%, which is better than the CNF/SnO 2 sample (electronic supplementary material, figure S6 ). The initial irreversible capacity loss could be due to the formation of SEI layers originating from electrolyte decomposition [44] .
Cycling performance of CNF/SnO 2 /Ni is carried out at a current density of 200 mA g −1 from 0.01 to 3.0 V (as shown in figure 6c ). The CNF/SnO 2 /Ni nanocomposite display a higher capacity (542.8 mA h g −1 ) than those of CNF/SnO 2 (267.4 mA h g −1 ) (electronic supplementary material, figure  S7 ). CNF/SnO 2 /Ni is able to keep a reversible capacity of around 421.2 mA h g −1 with a high coulombic efficiency of 100% after 100 cycles, which implies that the good performance of the CNF/SnO 2 /Ni nanocomposite is attributed to high theoretical capacity and the synergistic effect of CNF/SnO 2 and Ni, leading to the highly reversible decomposition of Li 2 O [45] . The morphology of CNF/SnO 2 /Ni remains literally unchanged after 100 discharge/charge cycles as shown by the TEM image (electronic supplementary material, figure S8 ). To obtain insight into the electrochemical kinetics of the CNF/SnO 2 /Ni electrode, the EIS measurement is conducted from 1 Hz to 1 MHz, in which Z and Z are the real and imaginary parts of the impedance, respectively. Obviously, one semicircle and a sloping straight line show in the high-and low-frequency range, corresponding to the ohmic resistance and the transfer of lithium ions, respectively (figure 6d). The EIS result confirms that the CNF/SnO 2 /Ni sample has low charge-transfer resistances. The CNF/SnO 2 /Ni sample (B) obtained by milling the mixture of CNF/SnO 2 and Ni powder with a weight ratio 4 : 1 was also synthesized to investigate the effect of Ni content. The results show that CNF/SnO 2 /Ni with a weight ratio 4 : 1 has the similar structural and electrochemical properties with the exception of the different Raman peak intensity and detailed experimental data can be found in the electronic supplementary material. The CNF/SnO 2 /Ni electrode shows good rate capability tests at low discharge/charge current density (as shown in electronic supplementary material, figure S9 ). However, at high current density, the CNF/SnO 2 /Ni electrode cannot retain the capacity retention of 50% compared to the retention at 0.2 A g −1 , which can be attributed to the small surficial area and low porosity.
In order to investigate the effects of CNF and Ni nanoparticles, a series of experiments have been performed. These results show that capacity of the SnO 2 , CNF/SnO 2 and CNF/SnO 2 /Ni is according to the following trend:
Detailed data can be found in in electronic supplementary material, table S1. This result indicates that CNF can effectively enhance the electrical conductivity and the Ni nanoparticles can successfully inhibit Sn coarsening during cycling and consequent enhancement of the stability of the reversible conversion reactions. The other factor is that Ni nanocrystals can serve as an effective catalyst for decomposition of The above-mentioned results clearly demonstrate that the CNF/SnO 2 /Ni nanocomposite is a good anode material for LIBs. This might be attributed to the combined merits of following factors: (1) the groove structure of CNF/SnO 2 /Ni nanocomposite, which can minimize structural distortion during the discharge/charge process; (2) the synergistic effect of CNF/SnO 2 and Ni, which results in highly reversible conversion reactions; (3) good electrical conductivity of graphitized carbon nanofibres; (4) ultra-small size of SnO 2 nanocrystals shortening the diffusion path of Li + .
Conclusion
A hierarchical CNF/SnO 2 /Ni Nanostructures of graphitized carbon nanofibres, SnO 2 nanocrystallines and Ni nanocrystallines has been prepared via a facile and low-cost approach by using commercial PAN fibres as the precursor. The nanocomposite shows good lithium storage capacity and cyclability, which can be attributed to the particular groove structure, synergistic effect of CNF/SnO 2 and Ni, good electrical conductivity of graphitized carbon nanofibres and ultra-small size of SnO 2 nanocrystals shortening the diffusion path of Li + . This work can provide a new approach to the development of conversion-type electrode materials for LIBs and other advanced applications on the basis of PAN.
